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Thermoluminescence dating is a well-established dating
method for ceramics. In the last two decades the techniques
of which has been developing in fast pace. With the
publicity of this knowledge and the increasing
archaeological finds excavated, TL dating and authenticity
testing of ceramics are much demanded. An efficient,
reliable TL dating technique using only a restricted amount
of specimen remains a worthy topic for investigation.
In this project TL dating in general is first discussed.
A chapter on sample extraction and allocation is given to
show the condition of the restricted availability of
specimen. A computerised TL system is installed with which
pre-dose technique is performed. The effect of large test-
dose used in some cases is studied through the verification
of a modified pre-dose equation, incorporating with which a
systematic working scheme is suggested.
In dealing with the dose-rates, alpha-counting and flame
photometry are employed. The former is performed through a
thin-source approximation using only 10mg of specimen.
Flame photometry is applied after sample dissolution using
6mg of it. The combined error is found to be within 6%.
Environmental dosimetry is performed at sites in Hong Kong.
Beta dosimetry with on-body geometry is also studied.
A number of different ceramic shards are used for the
investigations. Only guessed archaeological ages of them
are available. An overall error of the whole course of
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21. 1 Thermol uni nescence Dating Techniques
1.1.1 What is Thermoluminescence
Thermoluminescence (TL) is the emission of light from
certain solid materials (semiconductors or insulators),
which is a result of the release of energy stored in the
substance through absorption of natural or artificial
radiations. The light intensity is usually very low and
can only be detected by special instrumentations.
1.1.2 Dating of Ceramics
The discovery of natural TL from samples of ancient
ceramics (Kennedy and Knopff, 1960) led to the rapid and
vast development of TL dating of ceramics. Ceramic
matrices, though vary in absolute composition from sample to
sample, consist more or less materials that exhibit thermo-
luminescence. Ionising radiations exist everywhere on earth
or underground and also within the ceramic matrices. A
ceramic piece during antiquity takes up these radiation
doses slowly and the associated energy is stored up in the
form of potential TL. On measuring this amount of TL and
knowing the rate at which it is accumulated, an age of the
ceramic piece is derivable: Age= Dose/ Dose-rate.
It is known that at the birth of the ceramic piece,
the potential TL is zero. It is because all ceramics have
to undergo the manufacturing process of firing, the
temperature at which is so high that all the potential TL in
the clay matrix is drained completely.
3Over the last two decades, the investigation of TL
dating has become increasingly popular. Different
techniques of TL measurement emerge and have been proved to
be very effective. Developed in parallel are the dose-rate
measurements, which are of equal importance to the TL dating
techniques.
41.2 Condition of Restricted Amount of Specimen
1.2.1 Demand of TL Dating Authenticity Testing
Ceramic dating is one of the well-established methods
in archaeological studies, since human beings have developed
the manufacture of ceramics a long time ago. Ceramic wares
are often among the finds excavated from archaeological
sites. They are usually subject to TL dating since the
other dating methods, such as carbon-14 dating, cannot be
applied to ceramics. In countries with ancient culture
where increasingly more excavation sites are found, the
demand of TL dating is intense.
On the other hand, all over the world, there are
ancient ceramics with claimed ages owned by- individuals.
They are known as curios which are very valuable if
certified to be genuine ones. In the past, authenticity
was not tested through scientific examinations but were
judged merely by the appreciation of the appearance, shape,
texture, material, glaze and pattern, etc. In the present
time, with the availability of materials and technology,
fake imitative curios can be easily made by forgers and it
is very difficult to distinguish them simply by external
look. Since the publicity of the knowledge of TL dating as
a scientific judgement of ceramic ages, authenticity testing
is also much demanded.
1.2.2 Restricted Amount of Specimen
Archaeological finds, no matter in shards or in
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complete wares, are very valuable and are strictly
protected. Dating of them therefore should not cause
destruction. However, in any one of the dating techniques,
specimen of the ceramic piece has to be extracted for
analysis. Hence, an important rule in TL dating or
authenticity testing is to use as little amount of sample as
possible. In the case of authenticity testing on curios,
which are usually complete wares, the condition is much more
restrictive. An eminent mark due to sample extraction
would be very destructive to them, probably spoiling the
value of the whole piece of art.
In this work, we are going to study how to use a
justifiably small amount of specimen extracted skilfully
from a ceramic piece to perform the whole course of TL
dating, with acceptable accuracy.
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72.1 Mechanism of TL: Microscopic View
2.1.1 Mineral Matrices of Ceramics
Quartz is the chief mineral component of ceramics
that exhibits thermoluminescence essential for dating
(phosphor). Other compositions, say feldspar, zircon and
fluorapatite, also exhibit TL but is not stable (Aitken,
1985). Quartz is natural crystalline silica (Si02), which
occurs in clear or white crystals. The size of the quartz
grains varies widely. In old pottery, there are usually
coarse quartz inclusions (mm range) embedded in the matrix
while in late ceramics, e.g.porcelain, quartz grains are so
fine that they are indistinguishable from other component
particles in ceramic pieces. Sources of radiation exist in
the matrices also. In fact most of the radiations that
induce potential TL in a ceramic piece come internally from
the radioactive substances existing in the matrix of the
piece i. e .self-dosing.
2.1.2 Radiation and Absorption
Microscopically, in a ceramic piece, the quartz grains
are surrounded by a field of ionising radiations (2.3). The
core of a ceramic piece with an extended size of several mm
across can be regarded as an infinite matrix, within which
short-range radiations from the internal radioactive sources
dissipate all their energy. By the law of conservation of
energy, this dose is fully absorbed by the mineral phosphor
matrix there. That means, knowing the concentrations of
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these radioactive substances in a matrix, and together with
their decay-rates and energy emissions (known physical
figures), the radiation dose-rate can be calculated.
2.1.3 Solid State Physics
Considering the lattice of an insulator or semiconductor
(say, quartz as we are interested in), there are inevitably
structural defects and impurities. As a result, there is a
disorderness in the periodic crystal structure. In this
way, according to solid state physics, electrons released
from the lattice atoms by the radiations can possess
energies somewhere in the forbidden band.
Ionising radiations of energy greater than that of
the band-gap can excite some electrons from the valence band
up to the conduction band. The corresponding effect occurs
to holes which are produced with the electrons in pair-
production by the radiation. The free electrons may
finally lose some of the initial energies and stay in the
forbidden band. Such electrons are said to be trapped in
the elctron-traps (similarly holes trapped in the hole-
traps).
The hole-trap with a hole being trapped in it will
probably act as a luminescence centre. An electron
originally trapped in an electron-trap can be thermally
released to the conduction band again from where it may drop
to a luminescence centre and recombine with the hole there















Fig. 2.1 Model for Thermoluminescence (McKeever, 1985)
(1) Pair production by ionising radiation
(2) Electron trapping
(2') Hole trapping
(3) Thermal eviction of trapped electron
(4) Electron-hole annihilation and photon emission
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2.2 Measurement of TL: Macroscopic View
In actual occurrence of thermoluminescence, photons
are emitted out from the phosphor (e.g.quartz) grains when
the latter are being heated. A rapid heating rate is
desired because the intensity of TL (photons per second) is
proportional to it, whereas the red-hot glow is not
intensified by such a choice. For those dark-colored
samples the heating rate is usually set high up to 20°C/s
practically (Aitken, 1985).
Since the TL intensity is very low and the light
disperses in all directions, a good photon collector and
detector is essential. For this purpose, a photomultiplier
is employed which is capable of photon-counting (4.2).
Instrumentations are deviced to give out a glow-curve for
each sample under analysis. The curve is a plot of TL
intensity against heating temperature. Peaks are found
which correspond to particular electron-hole recombinations
at the luminescence centres. High-temperature peaks result
from those pair-annihilations with the participating
electrons evicted from deep electron-traps.
The peak-height is a measure of the TL intensity
which in turn shows the relative amount of radiation dosage
the sample has previously absorbed. In TL dating, an
absolute date (in b. p.-- before present) is desired. In
achieving this goal, we need only to calibrate the TL
intensity obtained for the actual archaeological radiation
dose (i.e. paleodose) by a known laboratory dose being
11
applied to the same portion of sample. This is in fact the




Phosphor grains in a ceramic matrix take up
essentially three types of radiations, namely alpha(a),
beta(O) and gamma(T) ones. The core matrix absorbs alpha
and beta-rays from the radioactive impurities within the
matrix itself. External a and O-rays cannot reach the core
due to their short-range properties in ceramic materials
(Table 2. 1). These doses are dominant, making potential TL
induction essentially a reflexive matter of the ceramic
piece.
T-rays that come from the environment of the ceramic
piece contribute to the other portion of the total radiation
dose. This part is usually less certain as it is not
derivable from the piece itself. However, in certian cases
that the excavation site of the ceramic piece is known, the
T dose can be accurately known by dosimetry method.
Fortunately, the T-ray contribution to the total dose is not
a dominant one.
Cosmic rays also contribute a definite small dose.
The treatment of which is simple since the figure is
approximately constant world-wide. In environmental
dosimetry, this dose has been included in the figure of
gamma dose-rate.
Brief informations and dose contributions of a, 0 and
T-rays from the three main sources of ionising radiations:
uranium, thorium and potassium for typical concentrations of
them in ceramic matrices are summarized in Table 2.1
13
(Aitken,1985). Detailed discussions of the figures and the


















Table 2.1 Brief informations and dose contributions of a,
0, and T-rays from U, Th, and K in a typical ceramic or soil
matrix (Aitken, 1985). The dose-rates are in mrad/yr. U and
Th are always grouped 'because in their typical relative
proportion as shown above, their individual activities are
approximately the same (Ch. 6). The a dose-rates shown are
already effective ones.
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2.4 TL Dating of Ceramics
2.4.1 Fine Grain Method
The basic concept of TL dating is simple and the
basis equation is: Age= Paleodose/ Dose-rate.
In fine grain method (Zimmerman, 1971), it is found
that the paleodose(P) is contributed by all the radiation
sources as listed in Table 2.1. Hence the dose-rate
(denominator) is formed by the sum of the four individual
effective dose-rates: Dx.arr+ Do+ DT+ Dcos.
Additive dose technique is used for the evaluation of
the paleodose. The paleodose that the sample has actually
received during antiquity is always greater than the
equivalent dose (EDFG). A correction(I) of the initial
supralinear growth of potential TL is added to the
equivalent dose to obtain the numerator (Aitken,1985). The
age equation becomes:
2.4.2 Pre-dose Method
The previous method utilizes the TL intensity of high-
temperature glow-peak. It was found that the sensitivity
increase of the 110°C glow-peak of quartz after a prompt
heating to 500°C is proportional to the amount of radiation
previously acquired. Alpha dose basically does not
contribute and the supralinear correction required for the
fine grain method is not needed here. Hence the pre-dose
age equation seems simpler in form:
Age
EDFG+I





The details of pre-dose dating method will be studied and
investigated in this work (Ch.5).
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3.1 Extraction of Sample Powder
3.1.1 Knowledge about Ceramics
The term ceramic pertains to products involving the
use of clay or other silicates. They are hard high-melting
nonmetallic inorganic materials, including pottery,
porcelain, enamels and refractory substances. All of them
have to undergo the manufacturing process of firing, the
temperature of which is usually slowly brought up (less than
150°/hr) to 1000°C or even higher (depending on the hardness
of the wares desired) for many hours (Green,1967). Ceramic
matrices are fine particles of minerals held together by
special fluxes which are either intrinsically present in the
clay or being added before firing.
Very old ceramics are soft pottery with loosely
packed matrices. Large quartz inclusions (mm range) are
usually present. Later pottery are much harder and the size
of matrix particles is much smaller. Contemporary ceramics
are usually porcelain wares which are white in color,
translucent and very hard and brittle.
Glaze, plain or patterned, is often found on the
surface of later ceramics. It serves as a protective layer
and is also an important part of the pottery arts. The
composition of glazes is complicated, and should be entirely
independent of that of the matrix. The formed glaze layer
is very hard and durable. If exists, it usually covers the
whole piece of ceramic (internally and externally in the
case of utensils). However, at the bottom of the base (say
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of utensils or sculptures) there usually is a region or at
least a trim where no glaze is found. It is probably where
the glaze-painted work is in contact with the kiln during
the glaze-firing (Green,1967).
3.1.2 Extraction Tools
Since the ceramic materials are hard an even stronger
extraction tool is required. A common hardened metal
cutting-tool is found to be unable to disintegrate the flux-
bonded matrix particles. Moreover, the hard silicate and
alumina grains would wear out the metal tool quickly.
In the present work, a diamond-impregnated dental
drill is employed for the extraction purpose.- The drill is
driven by a 25V d.c. motor with variable power (Fig.3.1).
The drill is able to attack hard or soft matrices, though of
course for the harder ceramics the cutting efficiency is
much lower. Sample specimen is drilled out in powder form.
3.1.3 Extraction Techniques
Before any operation is performed, a thorough study
of the ceramic piece is made. The first is to find out the
type of material it is, say whether it is hard or soft.
Then we have to decide the extraction site on the piece. As
discussed in 3.1.1, we usually aim at the bottom of the base
where there is no glaze layer. Another reason of such a
choice is to conceal the hole left behind by the extraction











Fig. 3.2 Sample Extraction
(a) 2mm-hole left behind on the trim at the bottom base of
a ceramic piece after sample extraction
(b) Cross-sectional view of the extraction site after
extraction. Out of the 4mm depth of the hole, an 3mm-
column of sample is collected. The outer surface 1mm-layer
is discarded. The hole should not reach the 1mm surface
layer of the other side also, making the minimum thickness
at the extraction site be up to 5mm.
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an eminent position. Ceramic thickness at the site is also
an important point of consideration. The site should
possess an overall thickness of at least 5mm.
Drilling is performed in a room with subdue red light.
Sunlight and bright room light of fluorescent lamps may
enhance or bleach TL existing in the sample. The sample
from the surface 1mm layer is discarded to avoid any
possible transient properties there (the beta dose, moisture
content and contaminations). For the next 3mm down the
site, the sample powder drilled out is collected on a waxed
paper. The drill bit has a diameter of 1.5mm while that of
the hole is usually greater than 2mm (Fig.3.2). By these
operations the mass of specimen obtained is more than 20mg,
sufficient for our use. Drilling speed is about several
hundred rpm. High speed is avoided which may cause immense
heating, hence altering the original TL nature. The
extracted powder grains are very fine, of the order of µm as
watched under a microscope. However, the grains are not
well-separated. Groups of them roll up together to form
small clusters (Fig.3.3).
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Fig. 3.3 Condition of the Extracted Sample Powder
The condition is studied under a microscope (2500x).
Clusters of powders instead of separated ones are found.











Eig 3 .4 Sample Treatments before 1L enaiysis
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3.2 Allocation of Specimen for Analyses
3.2.1 TL-Analysis
About 8mg of the specimen is allocated for TL
analysis. As will be mentioned in detail in Ch.5, pre-dose
technique is going to be employed. Before the sample is
introduced into the TL system (Ch.4) for analysis, it has to
be treated first as the sample grain clusters previously
described are not ideal configurations for irradiation as
well as TL detection.
The allocated sample is placed in a small bottle to
which 10 drops of distilled water is added through a clean
dropper. The sample is made to suspend in the water.
Homogeneity is aided by a flushing action using the dropper.
Three clean aluminium container disc are prepared, to each
of them three drops of the above suspension is discharged
promptly (Fig.3.4). The grains, separated by the water,
now settle uniformly to the bottom of the disc. The
remaining water is allowed to dry thoroughly when the powder
has formed an uniform, firm layer on the disc ready to be
used in the pre-dose analysis. Caution is taken in the
whole operation to avoid strong lightings.
3.2.2 Dose-Rate Analysis
About 10mg of the specimen is transferred to undergo
the dose-rate analyses, first by alpha-counting (Ch.6) then
by flame photometry (Ch.7). The rest of the extracted
sample left is stored as a spare portion. In this part of
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work, influences from optical effects are not important.
However, another caution is taken to avoid any source of
contaminations that may approach the sample.
The allocation of the extracted sample is summarized
as shown in Fig.3.5.












Fig.3.5 Pie Chart for the Allocation of the Extracted Sample
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CHAPTER 4 THERMOLUMINESCENCE SYSTEM
4.1 Applications







4.3 Sample Irradiation Unit
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4.1 Applications
Portions of sample prepared as described in Ch.3 are
subject to undergo TL analysis. No matter which type of
technique is employed, a thermoluminescence system is
required. The system of apparatus takes in the sample to
be dated and gives out its glow-curve as desired. The job
it. performs includes the heating-up of the sample and at the
same time measures the amount of photons (TL) emitted.
Hence, a glow-curve is constructed and is recorded by the
mechanism incorporated.
Besides analysing the TL of ceramic samples, the TL
system is also responsible for evaluating the radiation
dosage in TL dosimetry (Ch. 8). TL phosphor absorbs
radiation energy which induces the potential TL in it.
Heating of the phosphor in the TL system releases this
energy in the form of photons (TL). With the knowledge of a
laboratory irradiation source the measured TL is calibrated
for the corresponding radiation dosage the phosphor has
absorbed.
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4.2 Oxford Littlemore TL-7185 Computerized TL System
4.2.1 General
In this work, a thermoluminescence dating system
supplied by the Littlemore Scientific Engineering Company
(Oxford) is employed. The model is a compact, computer-
controlled system. The component apparatus of which that
are going to be described consequently are linked up and
centrally controlled. Overall working procedures and the
operations of each part of the system (even the switching of
valves) are performed automatically as programmed (Fig.4.1).
Data storage and processing are also incorporated in the
eauinment
4.2.2 Photonultiplier Tube (PMT)
The PMT installed in the system is an EMI 9635QA with
a bialkali photo-cathode. The signal from the PMT is
measured by photon-counting which is preferable for very low
light levels at which it gives a better signal-to-noise
ratio (Aitken et al.,1968). This PMT has a further
advantage of not responding well in the red end of the
spectrum while has very high response in the blue end. At
high temperatures (300-500°C) of TL analysis, a great deal
of blackbody radiation inevitably emits from the hot sample




Fig.4.1 Oxford Littlemore TL-7185 Computerized TL System
The TL system is installed in this laboratory, from left to
right:
Nitrogen supply (Gas bottle),
2-Stage vacuum pump,
Heating unit- PMT- mechanical assembly,'




This unit is responsible for the heating-up of the
sample in actual operation. It consists of several
essential parts.
An oven-body constructed of stainless steel with
sandblasted inner wall acts as the heating chamber. The
heater is a hot-plate formed of a strip of Nichrome clamped
between two water-cooled terminals, through which a large
electric current is passed. The temperature of the plate
right at the position of the sample container is measured
using a thermocouple which is spot-welded to its underside.
Spurious TL caused by the presence of oxygen is
counteracted by evacuating the heating chamber. Heat
conduction from the hot-plate to the sample-is aided by
introducing pure nitrogen (99.995%) during measurement.
Evacuation is achieved by opening a valve of the chamber to
an external pump which runs continuously. The pump is an
Edwards 2-stage rotary unit, capable of a pumping rate of 30
litres per minute.
4.2.4 Interface Unit
The interface unit contains power supplies and all the
electronics necessary for control of the heating unit by the
computer. In addition, this unit contains circuits for
hot-plate temperature control, for photo-counting and for
the measurement and indication of the vacuum level. EHT-
supply to the PMT is also controlled via the interface unit.
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4.2.5 Computer Unit
Almost all system functions are adjustable from the
heart of the apparatus-- the computer unit. It consists
of several hardwares:
(a) Video monitor,
(b) Twin 31C disk-drives, 80-track double head,
(c) Epson printer FX-80, and
(d) Software in ROM: editor, screendump routines, etc.,
which are connected to the microcomputer --Acorn Master 128.
A system-disk, containing all the software programmed
control and information of the overall operation of the TL-
7185 system, is supplied with the system. It also manages
the data storage and processing afterwards. All system
functions, except those manually controlled ones (EHT and
vacuum level settings) on the interface unit panel, are
adjusted or switched through the computer.
4.2.6 Preliminary Settings
The EHT supply to the PMT has to be set optimally
after installation of the system. The criterion of which
is to obtain a highest signal-to-noise ratio at a light-
level close to that in actual TL analysis. In this work, a
beta-light originally supplied for time-to-time PMT
sensitivity calibration is used. It is a stable light
source derived from phosphor activated by tritium gas. For
one setting of the EHT voltage, the noise level is recorded
without the beta-light, then the counts with the beta-light
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minus the noise level is taken as the signal level. A plot
of signal-to-noise ratio against the voltage supplied to the
PMT is made as shown in Fig.4.2, from which the optimal
setting of the PMT voltage is derived.
The vacuum level of the heating chamber is also user-
adjustable. It is found that achieving a level of 0.08 torr










900 1000 1100 1200 1300 EHT Setting
(volts)-
Fig.4.2 Analysis of the Uptimal BHT Setting (supply to PMT)
Noise level, signal level (different scales) and signal-to-
noise ratio are plotted against the EHT setting. The noise
and signal levels both rise starting from 950V. The ratio
of them reaches a maximum at 1080V which is the optimal
setting.
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4.3 Sample Irradiation Unit
In TL dating, we resort to comparing the natural TL
obtained from a sample with the TL induced by an artificial
irradiation in the laboratory. As suggested by Zimmerman
(1978), artificial irradiations are usually made with plaque
or disk sources of beta-particles (say, Sr-90). Separate
gamma irradiation is not necessary as beta and gamma
responses of phosphors are nearly identical per unit
absorbed dose. Gamma sources are far more expensive and
pose greater safety and shielding problems.
In this laboratory, a beta irradiation unit of 40mCi
Sr-90 source supplied by the Littlemore Scientific
Engineering Company (Oxford) is employed. The dose-rate is
found to be 82 rad/min in a particular irradiation
configuration after its installation. An automatic
conveyor mechanism is constructed to send/withdraw a sample
held in container disc to/from the source (Fig.4.3). Dose
of irradiation depends on the irradiation time which is
electronically controlled. Reproducibility of irradiaion
time by the timer is excellent (Kwok,1988).
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Fig.4.3 The Sr-90 Sample Irradiation Unit
Conveyance and duration of sample irradiation are controlled
by an electronic device on the left, the car and the rail
are in the middle, the housed shielded strontium source on
the right is not shown.
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5.3.2 A Modified Pre-dose Equation







Pre-dose dating, developed in the 70's (Aitken,1985),
is one of the most important technique in TL dating. It is
powerful in the sense that it can be applied successfully to
certain kinds of ceramic particularly those young porcelain
or stoneware to which some other dating techniques fail to
apply. For other types of ceramic, the method works as
well. It utilizes the sensitivity change of the 110°C
glow-peak of quartz after being heated to 500°C, to evaluate
the archaeological pre-dose. The change is related to the
amount of radiation (pre-dose) absorbed.
5.1.2 Advantages and Drawback
For the overall performance of the pre-dose dating
technique, no extra or special instrumentation is required.
Any developed thermoluminescence system may be employed.
Since the essential data of this type of dating come from
the analyses of the low-temperature (110°C) glow-peak,
interference from hot-glow is greatly reduced. Moreover, a
very light-colored filter can be used, which allows the
maximum passage of TL intensity to constitute an eminent
glow-curve. Supralinearity growth of TL at low-dose region
does not occur in pre-dose mechanism, hence compensation
treatment of which is saved. Basically one portion of
sample powder (several mg) is sufficient for each piece of
ceramic to be dated and no mass-normalization is required.
36
A good, reliable result is usually obtained.
However, a drawback to the pre-dose technique worths
mentioning. In certain special cases, a relatively early
onset of saturation occurs in the pre-dose mechanism
(Aitken, 1985), making the subsequent operation difficult and
demands some complicated remedies.
In this work, pre-dose technique is first investigated
and then employed. We choose this particular technique
chiefly because of the restricted amount of specimen (less
than 10mg) available.
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5.2 Theory and Method
5.2.1 Pre-dose Mechanism (McKeever,1983)
All ceramics have quartz as a basic component in their
matrices. Quartz possesses a very unique property of:
thermoluminescence. A low-temperature glow-peak (110°C)
due to the presence of quartz is found in all ceramics.
The peak has a very short life-time (about one to two
hours). Only by prompt TL analysis of it after induction
by a test-dose irradiation can it be visualized (Fig.5.1).
The size of the peak per unit mass induced by the same
amount of test-dose is termed sensitivity. It is found
that for an archaeological ceramic sample the sensitivity of
it is enhanced after the sample is being heated promptly to
500°C. The enhancement is proportional to the radiation
dose the sample has previously received (i.e. pre-dose).
A model of the pre-dose mechanism was established by
Zimmerman (1971). According to this model, there are two
hole-reservoirs in the energy-level picture of quartz. They
act as recombination centres. One of which is called the
L-trap holes trapped in it act as luminescent sites for
the 110°C glow-peak previously mentioned. During antiquity,
the holes generated by radiation are essentially accumulated
in the other reservoir called the R-trap. On activation,
i.e. heating of the sample to 500°C, holes trapped in the R-
trap are swept to the L-trap where they accumulate again.
The increment in the number of holes at the L-trap after









Fig. 5.1 Mechanism of the 110°C Glow-Peak in Quartz
A "test-dose" populates the T-trap with electrons. The
electron trap is so shallow that trapped electrons there can
easily evict even at low temperature and probably recombine
with the holes in the L-trap causing luminescence. The
intensity of luminescence is proportional to the number of
holes present in the L-trap. The glow-peak owe its short







Fig. 5.2 The Pre-dose Mechanism
(1) Radiations (pre-dose) induce hole accumulation at hole-
trap "R"
(2) Activation drives the holes from R to L
(3) Enhanced sensitivity of the 110°C peak
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(Fig.5.2).
5.2.2 Basic Operation (Aitken,1979)
With the knowledge of the pre-dose mechanism, a
sequence of experimental procedures is followed as the basic
operation of the pre-dose technique:
[Since we use a strontium-90 beta-source in the laboratory
for the sample irradiations (4.3), we denote such doses by
"B" with appropiate subscripts hereafter]
(1) Heat the sample to 150°C to clear the T-trap (Fig.5.1)
(2) Add a test-dose (13T) to populate the T-trap with
electrons and measure the initial sensitivity (So) of
the 110°C peak by heating the sample to 150°C
(3) Heat the sample to 500°C promptly (20°/s) to transfer
the holes accumulated in the R-trap due to the pre-dose
to the L-trap
(4) Add 3T and measure the enhanced sensitivity (SN) of the
110°C peak
(5) Heat to 500°C to clear the R-trap. Add a laboratory-
calibrated dose (I3L) to populate the R-trap with holes.
Heat to 150°C to clear the T-trap previously populated
by the dose OL
(6) Add BT and measure the sensitivity (SN'), which is
usually different from SN because of the quenching of
holes in the L-trap with the introduction of the dose 13L
(7) Heat to 500°C to transfer the holes from the R-trap to
the L-trap
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(8) Add BT and measure the further enhanced sensitivity
(Srr+So) of the 110°C peak
A basic equation for the archaeological pre-dose can
be constructed primarily as :(Aitken,1985)
(5.1)
Assumptions are made that the two enhancements of
sensitivity are proportional to the absorbed doses; OL is
about the same as BA; and that the test-dose is small
relative to the laboratory nslihrntinn dose.
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5.3 Actual Practice
5.3.1 Choice of BT and BL
In actual practice of the pre-dose technique, we have
to decide the choice of the test-dose BT and the laboratory
calibration dose BL. It first appears from Eq. 5. 1 that the
evaluation of the archaeological pre-dose is independent of
BT and any value of BL may be used the value of the factor
(SN-So)/[(SN+SB)-SN'] = r is able to compensate for the
variations encountered. However, it is not always true.
According to Chuang et al. (1988), with careful
consideration made on the number of holes in the two hole
reservoirs at the different stages of the sequence of pre-
dose dating procedures( 5.2.2), the Eq. 5. 1 can be modified
as to be more general. The modification is particularly
significant when the test-dose used is large, as required in
some cases to make the glow-peaks legible.
Different types of ceramic have different levels of
output TL intensity for the same test-dose. It is found
that certain pottery give an eminent peak for a test-dose of
15s, some harder ceramics require OT be at least 30s, while
for porcelain an even larger test-dose is required to obtain
a definite legible glow-peak. The dose-rate is 82 rad/min.
5.3.2 A Modified Pre-dose Equation
Originally the test-dose is added solely for the
visualization of the 110°C peak, i.e. to read the
sensitivity of the peak at the various stages of the dating.
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However, this dose is inevitably added to the R-trap also.
When the test-dose in certain cases is forced to be large we
have to consider it approp late ly. Chuang et al. (1988) has
put forward a modified equation for the archaeological pre-
dose: (Appendix A) BA = rBL + (r-1)BT (5.2)
where r is defined previously in 5.3.1. In this equation
!3A is a function of E3T also. When [3T is very small or when
the value of r is very close to unity, the second term may
be neglected and Eq.5.2 reduces to Eq.5.1.
For a particular sample, using a pair of values (BT,BL)
we can obtain the value of r from the calculation on the
four stages of sensitivities experimentally observed.
Finally, (BA is evaluated by Eq. 5.2.
To verify the relation described by Eq.5.2 we may
rewrite it in another form: r= (BA+BT)/(BL+BT). By
plotting r against BT for various BL, with BA being known
beforehand, we have a family of theoretical curves as shown
in Fig. 5.3. A sample with I3A approximately be 2min (165
rad) is chosen for the verification. Experimental data
points are drawn on the same graph for comparison.
It is found that the modified pre-dose equation is
basically verified. For BL<BA, r decreases non-linearly as
BT increases. For BL>BA, r slightly increases with BT.
In actual practice, it is of course ideal to have BL be
coincident with BA. In which case r would be found to be
near to one and the error would be a minimum. This can be










Fig. 5.3 Verification of the Modified Pre-dose Equation
The modified pre-dose equation in the form:
BA + BT
r = ____________ is theoretically plotted with r against BT
BL + BT
for some values of BL. Experimental data points are put on
the same graph. The archaeological pre-dose of the sample
used is known to be approximately 2min. A justifiable match
of the experimental data to the theoretical plot suggests
the validity of the modified equation.
[ 1 B(min) = 82 B(rad)]
4
BT (s)




5.4 Results of Application
5.4.1 Elaborated Operation
We have first to choose the size of the test-dose.
This is accomplished by a preliminary differentiation of the
sample type, as mentioned in 5.3.1. Three graded values of
IT (15s, 30s, 45s) have been used. For each of them, a
chart is prepared for convenience, as shown in Fig. 5.4. The
chart is a family of curves plotted r against iL for
different OA. Further differentiation of the ceramic piece
by other artistical view, texture, glaze and graphics, etc.
should give us a rough guess of its archaeological dose
using the typical value of annual dose-rate of 270mrad/yr
(by beta and gamma doses only).
Referring to 3.2.1, we have two to three portions of
sample for the evaluation of the archaeological pre-dose.
The first portion is used on the first guess with j3L, 1 be
the guessed archaeological pre-dose. With the chosen OT
and the guessed (BL,i, a value of r is obtained
experimentally by the basic operations in 5.2.2. If the
guess is near, the r-value obtained, ri is near to one.
However, ri should refer to a certain OA, i as looked up
conveniently among the family of curves in the chart of
appropiate OT chosen. For the second trial we take f3L, 2 be
equal to OA, i and the obtained ra should be further close to
unity. In this way, r converges quickly to one, with j3A
converges to the actual value. This methodology of
choosing j3T and OL is found to be effective and reliable in
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Fig.5.4 Charts for Easy Reference in use with the Elaborated
Operation in Pre-dose Dating
For a chosen IT, 13L,1 is tried. For this pair of values, ri
is obtained experimentally by basic pre-dose procedures.
A,1 is looked up from the chart at the point (13L,I, ri).
L.2= 0 A,i is taken for the next trial, and so on. The
target is rn converging to one, in which case 13A,n is the




A number of samples are tried using this elaborated
operation of the pre-dose technique. Dated ages are
calculated using their dose-rates listed at the end of Ch.8
added to a typical gamma dose-rate of 120 mrad/yr. Since no
actual ages of the sample shards are given, we can only
compare the primarily guessed ages with the worked-out ones.
The results are shown in Table 5.1.
Guess
Age
BL/yr, BL,1 r1 BA.1 r2 BA.2 r3 BA.3 BA/rad /yr,
/s b.p. /min /min /min /min/rad yr-1 b.p.
4 15 2400 8.0 0.60 4.7 1.10 5.1 -- -- 420 .23 1800
6 15 2200 7.0 0.80 5.5 0.92 5.0 -- -- 410 .31 1300
7 45 200 0.7 1.10 0.9 1.02 0.95 -- -- 80 .43 190
8 30 650 2.1 1.30 2.8 0.95 2.7 1.01 2.7 220 .33 670
9 30 1100 3.6 1.02 3.7 1.00 3.7 -- -- 300 .27 1100
11 15 2300 7.5 0.55 4.0 1.05 4.3 1.00 4.3 350 .27 1300
21 15 3250 10.5 0.88 9.2 1.03 9.5 -- -- 780 .44 1800
Table 5.1 Results of the elaborated operation on pre-dose
dating. A number of sample shards with estimable ages are
tried. Two to three trials of each sample are sufficient
for attaining a reliable result.






rre-aose gating using only a rew trials is basically
justified, particularly in this work we have forced the
value of r to unity. This should have removed many
uncertain influences that come from the unnegligible test
dose, etc. The total amount of sample used sums up to be
less than 10mg. However, it should be pointed out that we
have no idea so far about the optimal activation temperature
of each individual sample in the whole course of operation
described. Only a typical value of which, 500°C is
employed.
In cases of early activation, taking the 110°C glow-
curve by heating to 150°C may cause partial activation to a
certain extent. The effect may be monitored by observing
the related phenomenon of SN' St''. On the other hand, for
samples with late activation the temperature range of
optimal activation is usually narrow and beyond which de-
activation may occur. However, taking a thermal activation
curve (TAC) to analyse the choice of activation temperature
requires the use of many portions of each sample which we
cannot afford.
Sample 21 tried seems to show the onset of saturation.
It is confirmed by performing several times of successive
pre-dosing and activation. Large discrepancies between the
guessed age and the dated one are found for samples 6,11.
Since the results are not suspicious, we may conclude that
their guessed ages are wrong.
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6.1 Alpha-Counting in General
6.1.1 Relevance of Alpha-Counting to TL Dating
Uranium and Thorium in ceramic matrices contribute
much alpha dose in inducing thermoluminescence, though they
exist only in trace amount. Alpha-counting is a simple
method to measure this dose. In fine-grain TL dating,
alpha dose is very important though only about 15% of which
is effective in generating TL at the glow peaks of
interest. In pre-dose technique that we are using, the
effect of alpha dose is negligible (Aitken Fleming
(Attix, 1972)).
About a quarter to one-third of the total beta dose
comes from uranium and thorium in the ceramic
matrix. Therefore, alpha-counting cannot be avoided even
when we adopt the pre-dose TL dating method. The
conversion from the data of alpha-counting to the beta dose-
rate due to uranium thorium radioactive series involves
quite complicated considerations. We are going to employ
an approximation treatment justifiable in our context
(6.4.3).
6.1.2 Theory of Thick-Source Method
The Thick-Source Alpha-Counting (TSAC) operates under
a simple theory and experimental set-up. It utilizes a
layer of source powder (standard or sample) placed over a
scintillation screen. The layer is about 1mm thick, which
is already thick relative to the 25µm-range (average) of
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alpha-particles in ceramic matrix. The purpose is to
construct a complete powder layer of thickness greater than
the average alpha range in ceramics. The surplus source
powder beyond the range of the alpha range (25um) does not
contribute to the counting but it ensures the completeness
of the counting layer (Fig. 6.1).
Any alpha-particle that reaches the scintillation
screen would produce a scintillation there which is detected
by a p hotomultiplier tube. The signal is then amplified,
filtered and recorded by electronic instrumentations. It
has been shown (Aitken, 1985) that the count-rate is related
to the activity c of a radioactive element by:
6.1
where d is the density of the sample, A the area of the
screen and R the average range of alpha-particles in ceramic
matrix. This is to say, on average one quarter of the
particles emitted by those nuclei within the counting layer
reach the screen (Aitken, 1985). The alpha dose-rate is
proportional to c and hence to a with c acting as a linking
factor (Appendix C). a is measured in alpha-counting
experiment.
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Fig. 6.1 Thick-Source Alpha-Counting
Alpha-particles that come from above the dotted-line cannot
reach the scintillation screen. The counting layer (25 m





Fig. 6.2 Sample Holder in Alpha-Counting
The dent is accurately machined-and the shape of the upper
part is so designed as to allow easy retrieval of it from
the-PM Tube housing assembly.
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6.2 Experimental Set-up Fabrications
6.2.1 Sample Holder and Scintillation screen
The sample holder has a simple geometry (Fig. 6.2),
and nylon is chosen as the material. Nylon has basically
no radioactivity and it produces very little static
electricity which would cause much nuisance when powders are
treated on it. The external size of it is designed to suit
the photomultiplier tube housing described in 6.2.2. The
diameter of the sample-holding dent is 15mm and is found to
be able to give a reasonable count-rate in actual practice.
It is unnecessary to increase the counting area any more, so
long as the amount of sample available is limited.
The scintillation material, ZnS(Ag), is supplied by
THORN EMI. The convenient Tape-screen preparation is
employed, the detailed description of which had been given
by Chan (1987). The tape-screen has good reproducibility
with an efficiency of about 50% (6.5.1).
6.2.2 photomultiplier Tube Assembly
The photon-detector used is an RCA 6342A
photomultiplier tube (PM Tube). It is a low-noise, ten-
stage, head-on window type photomultiplier. The wavelength
of maximum response is 4400±500 A, being a good match with
the ZnS(Ag) scintillator. The tube has to be housed
securely so that no light other than alpha-particle induced
photons at the scintillation screen can reach the detection
window of the tube. Due to the effect of gravity, the tube
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is placed beneath the sample holder in a configuration as in
Fig. 6.1. A light-leakproof screw-down lid is designed at
the top to allow easy installation and retrieval of the
sample holder. Moreover, a stand is prepared to erect the
whole assembly in a vertical position during operation
(Appendix B).
6.2.3 Electronic Instrumentations
The supporting electronic instrumentations to alpha-
counting are outlined in Fig. 6.3 including:
(i) The Power Supply: It supports the operation of the
PM Tube. The optimal operating voltage is at 1200V
(Fig. 6.4). Further increase of the operating voltage
beyond this value is avoided since it will not enhance the
counting but may introduce much more noise.
(ii) The Preamplifier: It is connected near' to the
detector to reduce the capacitance of the leads. It also
serves to provide a matching between the high impedance of
the detector (PM Tube) and the low one of cables to the
amplifier.
(iii) The Amplifier: I t serves to shape the pulse and
further amplifies it. A near-Gaussian pulse is produced
for optimum count-rate performance. To allow proper pulse-
height analysis that follows, the amplifier gain is set high
but to an extent that no proper signal is truncated. The













Fig. 6.3 Schematic Diagram of the Alpha-Counting Apparatus
fount-rat
H.V.Set
0 200 400 600 800 1000 1200 1400 (volt)
Fig. 6.4 Operating volzae of the PM Tube
supply to the PM Tube. Further increase of the operating
voltage beyond 1200V doe.s not enhance the counting
Count-rate (arbitrary unit) is plotted against the voltage
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extent that the probable maximum pulse just reaches 10V
(fig. 6.5).
(iv) The Single Channel Analyser (SCA): It acts as the
pulse discriminator. It can establish a window the
vertical position (E) and the size (8E) of which can be
adjusted. Those pulses received from the amplifier have
their peaks lie outside the window region are discriminated
(Fig. 6.6). For each accepted pulse, the analyser
generates a regulated pulse and passes it to the
counter. It is found that if we set E to zero, there would
be serious overcounting even when the background counting
was checked to be zero. Those surplus pulses are caused by
the beta or gamma radiations from the source powder. The
adjustments of the position and the size of the window
(threshold setting) for a justified alpha-counting has been
performed by Chan (1987).
(v) The Counter, Timer and Printer assembly: The counter
receives the regulated pulses after filtering by the SCA,
the timer accumulates them over a selected period of time
and the printer prints out the count-rate.
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0
Largest pulse that is
likely to be obtained
Fig. 6.5 Amplifier Gain Setting
The amplifier output level has range 0-10V. The largest




Fig. 6.6 Pulse-Height Discrimination
Both E and 6E can be varied from 0 to 10V. Only those
pulses have their peaks lie within the window region are
counted.
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6.3 Limitation of the Thick-Sour eMethod
In the thick-source alpha-counting (TSAC) describes
above, the volume of the dent of the sample holder, i. e. the
volume of sample powder required is 177mm3. Taking the
specific gravity of the ceramic powder to be 2.6 (Aitker
1985), then several hundred milligrams of sample is required
for TSAC. However, in our experiments only about 10mg of
sample is available for the annual dose-rate determination.
Doubtlessly TSAC cannot be employed in our case with the
sample amount so restricted.
In fact, out of the 1mm-thick layer of sample powder
used in TSAC, only 25µm of it is effective (Fig.6.1). The
rest of it, 97% of the sample powder used, goes to surplus.
A question has arisen to ask if it is possible to use less
sample to construct a much thinner yet uniform layer. As
the effective counting layer weighs about 11.5mg, an amount
quite close to the one available to us, our effort should
converge to tackle the technical problem of constructing an
uniform thin layer of sample and. analyse the error involved.
Another requirement that comes to us is that the sample
powder used in this thin-source alpha-counting must be
reused afterwards for potassium analysis as will be
described in chapter 7.
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6.4 Thin-Source Approximation
6.4.1 Preparation of the Thin-Source
The sample powder prepared previously (Chapter 4)
cannot be put directly here to form the thin layer. We
must encounter the problem of spreading the powder since
we do not have any surplus of it now. Again, the idea of
suspension-and-settlement is tried.
The basic idea is to suspend the extracted powder in
a liquid and then settle the suspension until dryness to
obtain a thin layer. For convenience, the original sample
holder with dent-size 015mmxlmm may be used. But there
would be a nearly 1mm air-gap between the formed source
layer and the scintillation screen. Due to the short-range
property of alpha-particles, this air-gap must be minimized.
The ideal condition is that the thin layer be in contact
with the scintillation screen. However, the absence of a
dent would cause much trouble in the process of confined
settlement of the suspension. A series of trials had been
made to compromise the two factors and finally a dent of
0.3mm depth is employed.
A weighed amount of sample powder (about 10mg) is put
into a clean small test-tube. 0.3ml of distilled water is
added to suspend the powder. Alcohol and acetone are
volatile and allow fast drying, but they are not preferred
since they have low surface tensions. They cannot confine
the suspension in a dent with such a small depth. Spreading
of powder inside the test-tube to form the suspension is
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enhanced by the use of a dropper.
The suspension is discharged into the dent promptly
via the dropper. Essentially 90% of the sample is
transferred successfully to the sample holder (known by
weighing). After practices we became able to keep this
factor well. Surface tension of water confines the
suspension over the shallow dent in a dome-shaped
volume. Particles settle quickly to the bottom of the
dent. Drying of the surface water may be boosted by the
mild heating of a blower. On complete dryness, a thin
layer of sample powder sticks on the dent of the sample
holder in a 015mm circle. The thickness t of which
depends on the mass m of sample there. Post-weighing is
performed to confirm the value of m. In most cases, the
preparation is successful and the uniformity of the layer
may be checked by viewing it through with a strong light
illuminating from behind the sample holder. Finally, the
scintillation screen is installed over the dent in a way
identical with that in TSAC.
6.4.2 Calibration to the Thick-Source Model
In the derivation of Eq.6.1 we have made an
integration through the depth of the powder layer equal to
the average range R. Now in our thin-source counterpart
we can still apply the same integration but the upper limit
of which is now t, the actual thickness of the powder




With the known value of t by weighing (6.4.1), and
the thin-source counting result at, we can trace back the
count-rate a as in TSAC, by Eq.6.2. To see how the count-
rate depends on the layer thickness, we may simply plot out
theoretically Eq.6.2, as shown in Fig.6.7.
There is a slow decrease in the count-rate as the
thickness of the powder layer decreases from R while still
near R. For a (3/4)R layer, we still have 94% of the
count-rate of TSAC. It is an excellent match to our case
where R refers to 11.5mg, and we have t corresponding to
about 10mg of the sample available.
6.4.3 Justification of the Approximation
In the actual practice of the thin-source
approximation, we may encounter two sources of error, namely
the variation in the sample density, and the inhomogeneity
of the sample layer prepared. However, a sum-up of them is
found to be within 15% with respect to the standard method
of TSAC.
Aitken (1985) has suggested the ceramic powder
density be 2.6mg/mm3. Ceramics have different proportions
of composition and hence this single figure cannot be












Fig. 6.7 Theoretical Plot of Eqt.6.2
There is a "slow" drop of at near R as t decreases. The











Fig. 6.8 Analysis of Error due to Density variation
Two selected results on thin-source counting show the
existence of density variation. The alpha-ranges in the
two samples are assumed to be equal. nit is around 9 to 10mg
(12.5% within mR). For the amount of sample mt used, the
error is obviously within 5%. The two samples are found to
be probably the upper and lower bound of density variation.







distribution of densities due to the different sponginess
of individual pieces which can be easily verified.
However, in the form of extracted powder (Chapter 4), where
the powder size is around the µm range, and being stacked up
closely in the settlement process of thin-layer preparation,
the deviation of the layer densities from an averaged
value should not be too great. Consider Fig.6.7 and say we
allow 12.5% density fluctuation about 2.6mg/mm3, the curve
should follow a 12.5% horizontal displacement from the
original position, as verified and shown in Fig.6.8. If
the amount of sample used is less than but within 12.5% (our
case) of mR=11.5mg, the error due to this density variation
is within 5%.
In homogeneity of the sample layer is difficult to
analyse. It may involve the uneven distribution of
thickness throughout the counting area, and more likely,
that of the composition particles particularly the latter
in the process of settlement. Several samples have been
alpha-counted by TSAC and thin-source counting, the
comparison of them is tabulated in Table 6.1. By these
result, we claim that the inhomogeneity factor may account
for 10% error in the thin-source counting.
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a by thin-source
Sample a by TSAC counting Eq. 6.2 Error (%)
6 60 62 3.3
13 31 33 6.5
14 53 49 7.5
16 41 35 14.6
18 22 19 13.6
Table 6.1 Error of alpha count-rate by thin-source counting




For an actually emitted alpha-particle within the
counting layer, the alpha-counting apparatus may not be able
to detect it. The crucial point is at the scintillation
screen. It has been mentioned in 6.2.1 that the tape-
screen used has an efficiency of about 50%. Statistically
speaking, about half of the alpha-particles reaching the
screen are uncounted (without producing scintillation). The
efficiency value is determined by using a standard source.
System calibration has the equivalent meaning of the
idea of Comparison-with-Standard employed by Chan (1987).
A standard thorium source in fine-grain mineral matrix
(supplied by International Atomic Energy Agency) is measured
by TSAC. Since the composition is known its dose-rate can
be calculated.
It can be shown using the. data in Appendix that:
Da,Th= 0.0115 aTh /n. The dose-rate is in Gy/yr while
the count-rate in /1000s. is the system efficiency. For
the standard source we used, we have Da,Th.S= 2.93 Gy/yr
(Chan,1987) and the count-rate is measured to be aTh.s= 131
/1000s, hence we have = 0.51.
6.5.2 Conversion from Alpha Count-Rate to Beta Dose-Rate
The radioactive series of uranium and thorium in
ceramic matrices emit beta-particles as well. At
equilibrium, beta-particles are emitted according to the
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activity which is measured by the alpha count-rate. Hence,
we can get the beta dose-rate due to uranium & thorium
series by alpha-counting. Considerations have to be made
about the activities of the two individual series. To make
it simple, we assume equal activities. It should be noted
that if the sample contains thorium only, this part of dose-
rate would be over-estimated by 20% while on the other
extreme it would be 20% under-estimated. However, Aitken
(1985) had pointed out that these are very rare
cases. Moreover, the error should be substantially less
due to the dilution by the dominant potassium-40
contribution to the total beta dose-rate. Simple
calculation shown in Appendix C has derived the relation
between the beta dose-rate due to equal uranium thorium
activity and the alpha count-rate:
(6.3)DI,u+Th (mrad/yr)= 111 a (/1000s)
6.5.3 Results
22 thin-source powder samples are alpha-counted.
For each sample, using the mass of the layer mt and the
count-rate at, the TSAC count-rate a is obtained through a
small modification of Eq.6.2 as: a= at/(2mt/MR- mt2/IR2).
where MR= 11. 5mg. The counting is performed for a
duration of 24hr. By Eq.6.3, results for Do,U-Th are
calculated. The results are tabulated in Table 6.2.
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Annual
Alpha Count-Rate, Beta Dose-Rate [U+Th],
Sample a (/day) a(/ 1000s Do,U+Th (mrad/yr)
1 44 0.51 56.6
2 45 0.52 57.7
3 28 0.32 35.5



















Table 6.2 Results of thin-source alpha-counting and the




The counting duration is taken to be one whole day
long to obtain a good average. However, this time-
consumption is justified because the counting does not need
any human monitoring. Though a little bit more complicated
as compared with TSAC, this thin-source counting is quite
convenient and yet very economical to operate. The overall
error of 15% is in fact a very pleasant one for such a
restricted condition.
Sample 20,21,22 are soft pottery. Their uranium
thorium concentrations are found to be substantially high
among the others which have their values of DL,u+Th
distributed below 100 and around 60 mrad/yr.
The powder after counting is resumed by using a clean
spatula. About 6mg of which would then be passed to
undergo another process-- potassium analysis (Chapter 7).
Caution is strictly taken as not to have the sample
contaminated.
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7.1 Solution Techniguc in Silicates An Ivses
7.1.1 Relevance of Potassium Analysis to TL Dating
As mentioned before, the total beta dose of a sample
has a dominant
portion of it comes from potassium-40
included in the ceramic matrix. The other portion comes
essentially from uranium and thorium. As a result,
potassium-40 may account for more than a half of the total
dose in pre-dose TL dating (2.3). As we shall see later,
the precise method of flame photometry in potassium analysis
is able to support this point.
Chemistry of clay tells us that in earth's crust
granite decomposes into feldspar, quartz and mica some
feldspar further decomposes into clay, quartz and potash
(Hamer, 1976). Potassium, in the form of potash, i. e. K20,
presents in feldspar and mica, or in free form. These
constituents are put into the ceramic matrix during
fabrication. Potash is indispensable in ceramics for it is
an active flux over the range of ceramic firing and it is
responsible for the progressive vitrification of clay
materials (Hamer, 1976).
Potassium-40 is a radioactive isotope of the element
potassium with a well-established natural abundance of
J.0117%. Total potassium content in ceramic samples varies
From one to three percents by mass.
7.1.2 Historical Background
The technique of potassium analysis by flame
70
photometry did not arise independently by itself. It is in
fact just one part in application of the whole course of
silicates analyses developed very much earlier. Scientists
had long been interested in the composition of rock
materials. However, nothing can be done before the success
of complete dissolution of these silicate materials.
Therefore, solution problem was the first one that have to
be tackled.
Over the previous decades, the above-mentioned
silicates analyses have undergone a revolution, both in
technique and instrumentation. Sample decomposition
followed by dissolution can be done by mineral acid attack
or by fusion with special fluxes in the 60's (Jeffery
Hutchison, 1981). Then accurate analyses for nearly all
the constituents in a sample are available, from classical
ones such as flame photometry, to more advanced ones like
Inductively Coupled Plasma-Mass Spectroscopy (Potts, 1987).
In our interest of potassium analysis only, the
situation is much simpler. We are going to employ the
fusion by the flux lithium metaborate followed by flame
photometry.
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7.2 Lithium Metaborate Fusion
7.2.1 Introduction
There had been many schemes of rapid analysis of
silicates developed by different chemists (Jeffery
Hutchison, 1981). Suhr and Ingamells (1966) of the
Pennsylvania State University put forward a solution
technique for the analysis of silicates. They used lithium
metaborate (LiBO2) as the flux which was first suggested by
Keith of the P.S.U. who has made an extensive study of the
fluxing properties of the alkali borates (Suhr Ingamells,
1966). With this flux and a temperature of 950°C, fusion
of almost all silicate samples is possible. The fuse is
then dissolved in dilute nitric acid and a complete solution
can be obtained.
The lithium metaborate fusion technique is preferable
to the acid-attack procedures (mentioned 7.1.2). Dangerous
reagents used in the latter case such as hydrofluoric acid
and perchloric acid are not required. The cost for the
whole process is also reasonably cheap, and the operation is
fast and simple.
7.2.2 Preparation of Lithium Metaborate
The chief reagent, lithium metaborate, is not a
common one, nor is it readily found in chemical stores.
However, it can be prepared in an economical way. Instead
of purchasing the chemical from the supplier, we are able to
synthesize it in our laboratory from common and cheaper
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reagents available.
The two reactants required are boric acid and lithium
carbonate, both in powder form. They react readily
according to the following chemical equation:
200°C
2H3BO3(g)+ Li2CO3(g)------ 2LiBO2(9)+ C02(g)T+ 3H2O(g)T
Governed by the stoichiometric ratios of the
equation, 7.39g of AR-grade lithium carbonate is mixed
thoroughly with 12.36g of AR-grade boric acid on a piece of
waxed paper. The mixture is put into a large test tube,
then the open end of which is covered by an aluminium foil.
The foil is perforated to allow escaping of carbon dioxide
and steam. The filled test tube is inserted horizontally
into an electrical furnace controlled electronically
(Fig. 7.1). Since boric acid is much more volatile than
the carbonate, the temperature of the furnace is brought up
from room temperature slowly (with low-power setting) up to
200°C at which the reaction takes place.
The chemical reaction would be completed in 30 minutes
with the anhydrous product sticking together in a sponge
form. The temperature is then further brought up to 400°C
for another half an hour to drive out moisture (Suhr
Ingamells, 1966). The spongy product, weighs approximately
10g, is taken out and grounded slightly to powder form
promptly. The anhydrous lithium metaborate is collected
and stored in an air-tight bottle as it is hygroscopic.











Fig. 7.1 Preparation of Lithium Metaborate
An ideal configuration with controlled heating and an even
distribution of heat to the reactants. (This furnace acting
as an oven here also serves for the actual high-temperature
fusion later described)
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The main pieces of apparatus include a container foi
the sample-flux powder mixture in fusion and an electrica:
furnace with a temperature controller.
As the temperature of the fusion is high up to 950°C,
a strong enough furnace is required. The heat insulation
should be good enough as to minimize the heat loss. Since
the furnace is also used as an oven for the preparation of
lithium metaborate (7.2.2), the power of the furnace needs
to be varied, say from low-power (50W) to full-power
(1000W). The mechanism for this purpose is incorporated in
the temperature controller unit which also allow the preset
of a temperature and automatic cut-off of power when such
temperature is reached. This negative feedback mechanism
is effected and sensed by the use of an Alumel-Chromel
thermocouple. The constructions of the furnace and the
temperature controller are shown in Appendixes D and E
respectively.
Quantitative analysis shows that in actual practice
about 6mg of sample powder requires approximately 50mg of
flux for a good result of fusion and hence the potassium
analysis. Suhr and Ingamells (1966) suggested that the
fusion is performed in a graphite or platinum crucible which
are not wetted by the fusion. It is essentially
important that in the course of analysis no specimen under
test be lost. To match with the geometry of our furnace
and the small amount of reagents that are going to be fused,
a- specially -designed graphite container is made, as shown in
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Fig. 7.2
The graphite Head with a dent made on it serves as
the container. It is jointed to a wooden handle by a
stainless steel bar. The head will be inserted into the
central region of the cylindrical cavity of the furnace and
rest steadily there. The steel bar as well as the handle
that stay outside the furnace are supported by a stand
placed appropiately.
Pure graphite is available in a big lump. Pieces of
which in desired size can be cut out easily and machined
accordingly. The indicated shape of the dent is found to
be optimal, with a radii at the bottom to suit the molten
bead. The slanted cone-surface allows small beads to run
down and enhances the coalescence to form the final bead of
molten material. The dent can be machined without
difficulty by an appropiately-shaped drilling bit. Such a
graphite container will wear out slowly in the form of loose
carbon dust, but it can be used properly for at least a












Fig. 7.2 The Graphite Container for Sample Fusion
(a) shows the overall piece of apparatus described and a
magnified illustration with detailed dimensions for the




The principle of flame photometry is that if a
solution is aspirated into a flame, any elements that are
efficiently excited by the thermal energy of the flame will,
on de-excitation, emit light photons (Potts, 1987). The
photons are detected at characteristic wavelengths and the
intensity of which is proportional to the concentration of
the element present in solution. Flame photometry is a
rapid mean because the whole process of take-in and read-
out of the sample solution requires only tens of seconds'
time.
Flame photometer is a piece of instrument that
performs flame photometry. A typical schematic diagram of
which is shown in Fig. 7.3.
The bandpass of the optical filter is relatively
wide. Of course the ideal filtering device in optics is
the prism monochromator. Common flame photometer, which is
equipped with optical filters only, is restricted to the use
of measuring well-separated emission lines, such as those
from potassium and sodium. They are in a spectrum
virtually free of any other significant emissions.
7.3.2 Preliminary Settings
The flame photometer we use is CORNING 410. It
comes with simple optical filters for potassium (768nm),














Fig. 7.3 Schematic Diagram of a Typical Flame Photometer
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Fig. 7.4 The Flame Photometer in Present Use
(a) CORNING 410 Flame Photometer, (b) CORNING 850 Air
Compressor, (c) An illustrative diagram of (a) showing the
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parallel with the CORNING 850 air compressor (Fig. 7.4).
Preliminary settings, calibrations and measurements are
performed on the unit using solutions with potassium
content:
(a) Aspiration rate: 4 ml/min.
(b) Time to steady read-out after starting of
aspiration: within 8 sec.
(c) Linear region: 0 to 10 ppm.
(d) Interference by sodium and lithium (level of tens
ppm): less than 0.5%.
(e) Precision: more than 99%.
(f) Warm-up time for the unit: 15 min.
(g) Best flame setting (fuel control): the blue zone
is just defined (Fig. 7.3).
Above 10 ppm, the calibration curve bends down
showing a sublinear increase of the photometer read-out.
Interference by sodium and lithium have to be investigated
since (i) sodium in the form of soda (Na20) is as likely
present in ceramics as potassium, and (ii) lithium in
relatively large amount is introduced to the solution when
lithium metaborate fuse is dissolved. However, it is found
that to our level of concentrations in the analysis, the
effect is unnoticeable. A strong and steady flame depends
on the fuel control (air-fuel proportion) and is essential
for the precision desired.
7.3.3 Standard Potassium Solution
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The photometer is not supplied with a standard
internally. Therefore an accurate standard concentration
for an element has to be prepared in the laboratory. Only
after sensitivity setting using this standard solution, the
photometer can be used for the determination of other
unknown concentrations.
2.586g of AR-grade potassium nitrate (M.W.= 101.1) is
accurately weighed and introduced to an one-litre volumetric
flask. Pure distilled water is added to dissolve the solid
and finally brings up to exactly one litre. The solution
has now 0.001 potassium by mass or 1000 ppm K. Exactly 10
ml of the above solution is taken out and emptied into an
one-litre volumetric flask. Add pure distilled water to
bring up to exactly one litre. The second solution is now
10 ppm K standard, and would be used as a reference for the
flame photometer in sensitivity settings later on. The
1000 ppm and 10 ppm K standards should be kept in tight-
bottles.
Caution is taken as not to contaminate the standards
by tap-water which has a potassium concentration of two to
three ppm.
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7.4 How It is Done
We now proceed to potassium analysis by means of
flame photometry.
7.4.1 Preparation of Dissolving Solution
The hot molten material (sample and flux) described
in 7.2 still has to be dissolved into a solution before
analysis can be done. Suhr and Ingamells (1966) found that
it is soluble in dilute nitric acid.
60mi of fuming nitric acid is introduced slowly to
one litre of pure distilled water in a beaker. Continued
stirring is required for safety and obtaining good solution.
The diluted acid is carefully stored as to avoid any
contaminations that may add potassium to it.
7.4.2 Fusion of Sample
Approximately 6mg of the sample powder (after use
in alpha-counting, 6.5.2) is weighed out and the exact mass
w is recorded. It is added to about 50mg of the
anhydrous lithium metaborate (7.2.2). The two powders are
physically mixed on a waxed paper. This process is
essential for a good fusion.
At the same time, the furnace is brought up to and
kept at 950°C. The graphite container (7.2.3) is pre-
ignited inside it. After cooling, a layer of loose carbon
dust is formed on the surface of the graphite. Without
disturbing the dust, the above powder mixture is placed
into the dent of the container.
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Heating up and fusing take about ten minutes to
complete. During the time., exactly 25m1 of the dissolving
so lut ion( 7.4.1) is taken out by means of a pipette and
transferred to a teflon beaker. The powders melt and
coalesce and roll up to a spherical red-hot bead of
approximately 3mm diameter. No fuse sticks on the graphite
container. If allowed to cool, the bead would become a
transparent glass with a color which depends on the sample.
7.4.3 Dissolution of Sample and Flux
In actual practice, the bead is not allowed to cool
in air. Instead, it is poured off from the red-hot
graphite container into the cold dissolving solution
immediately after the container is withdrawn from the
furnace. The bead solidifies and shatters itself due to
sudden cooling in the dilute nitric acid. Complete
solution will be obtained after ten minutes' stirring.
7.4.4 Feeding into the Flame Photometer
Some carbon dust from the graphite container may be
introduced into the solution during the pour-off process.
These particles may cause trouble to the photometer
nebulizer. To avoid this the solution is filtered simply
by a filter paper before being aspirated into the machine.
The flame photometer is first warmed up, then blank-
set and calibrated to 10 ppm K by aspirating the standard
solution. After these, no control knobs (sensitivity,
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blank and fuel) are to be varied any more.
Now the sample solution is fed to the flame
photometer and data are taken in several trials. The
direct read-out, denoted by d, is the concentration of
potassium in the sample solution in ppm scale.
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7.5 Results and Discussion
7.5.1 Quantitative Analysis
Since there is (w)mg of sample in 25 ml solution,
i.e. (40w) ppm of sample in solution, and there is (d) ppm
K, concentration of potassium in sample is therefore (d/40w)
= c %. The value of c for typical ceramics ranges from
one to three.
We then proceed to evaluate the annual beta dose rate
due to potassium, denoted by Db,x, from the knowledge of
"c". It can be shown that Doax= 84.6c mrad/yr (Appendix
F)
7.5.2 Results
A series of specimen extracted from different types
of ceramics is analysed for the potassium content by lithium
metaborate fusion and flame photometry. Fusion for all the
specimens tried is found to be successful. The results are
tabulated in Table 7.1.
For each sample, two trials are made in the sense
that two extractions of specimen are done from two different
positions of the ceramic piece. We take the average value
and regard the difference between the individual values as
the error. It turns out that the percentage error (total
error in the analysis) lies within 5%, which is believed to
be come chiefly from the inhomogeneity of the sample piece.
The obtained accuracy agrees well with that claimed by
Aitken and Fleming (Attix, 1972), though we have used much
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Annual
Sample Potassium Beta Dose Rate, Error
Number
( % )
Content, c (%) Dn,K (mrad/yr)
9 2.96 250.4 1.0
7 3.28 277.5 5.0
8 2.20 186. 1 2.6
13 2.67 225.9 4.5
15 2.23 188.7 3.7
1 1.17 99.0 2.4
3 1.30 110.0 2.2
4 0.73 61.8 4.7
5 1.31 110.8 4.8
6 1.36 115.1 5.0
9 1.31 110.8 4.6
10 0.89 75.3 3.0
11 0.51 43.1 4.5
12 0.71 60.1 4.3
14 1.37 115.9 5.0
16 1.33 112.5 1.3
17 1.15 97.3 4.0
18 1.58 133.7 1.7
19 1.31 110.8 3.2
20 1.34 113.4 1.0
21 1.84 155.7 1.2
1.1822 99.8 1.8
Table 7.1 Results of Potassium Analysis by Flame Photometry
on Samples 1-22.
87
less amount of specimen for the analysis.
We have deliberately chosen different types of
ceramics for analysis, which will give us a wider range of
data to study. For those porcelain specimens (samples
7,13,15) and stoneware ones (samples 2)8) the potassium
contents are relatively higher. This can be explained by
the fact that porcelain bodies are usually based on china
clays to which extra amount of feldspar is added to provide
a flux (Fraser, 1973). The value of c for porcelain and
stoneware specimens may be over 3 while common pottery have
values just around one. Sample 21,22 are soft pottery with
quartz inclusions. Their data shown are for the specimens
with the large quartz inclusions (greater than 0.5mm across)
removed. Potassium content in those coarse quartz grains
is found to be very low.
7.5.3 Discussion
From the point of view of convenience, economy,
precision and time-consumption, the potassium analysis by
lithium metaborate fusion and flame photometry is proved to
be very satisfactory. As compared with the TL dosimetry
method in the determination of beta dose (8.2), this
analytical method has particularly the combined advantages
of rapidness and precision.
There remains a point to note that controls of the
analysis should be performed frequently. In which case
everything remains the same except that there is no sample
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in the fusion. This background quantity usually reads 0-
0.1 ppm h which should be deducted from the data.
Data for DB,K in this chapter would be combined with
those for DB,u+Th in chapter 6 to obtain the total annual
beta dose rate Do. These would be tabulated and compared
with the data for DB obtained by TL dosimetry in chapter 8.
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CHAPTER 8 THERHOLUHINESCENCE DOSIMETRY
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8.1.1 Relevance of TL Dosimetry to TL Dating
The core part of a ceramic piece absorbs the shorter-
range alpha (25µm) and beta (1mm) radiations from the
radioactive compositions included within the matrix of it.
It also takes up the longer-range (30cm) gamma radiation
from the environment during antiquity. The radioactive
components within the piece itself also emit gamma-rays, but
due to their long ranges relative to the physical size of
the ceramic piece the radiation depositing in the matrix is
negligibly small. Therefore, unlike alpha and beta doses,
the gamma dose-rate of a pottery is obtained from the
environment of the ceramic piece.
In most cases, ceramic pieces to be dated are excavated
from the ground where they have been buried for a long time.
So their environment during antiquity is the underground
soil which contributes the gamma dose. There also exists
everywhere the cosmic radiations. Application of TL
Dosimetry at the excavation site can measure the combined
radiation dose (gamma and cosmic) accurately, while a
general monitoring likewise can give estimated values of it.
TL dosimetry can also be applied to evaluate the beta dose
(Mejdahl, 1978). The method has undergone much progress in
the recent years.
8.1.2 Basic Theory
The gamma dose, like alpha and beta ones, comes
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essentially from the three sources: potassium, uranium and
thorium. In this case, these contributing radioactive
elements are included in the ground soil. The dosimetry
method is to use a TL-Phosphor to absorb the radiation as
if it were the radiation-absorbing minerals in the ceramic
matrix. The thermoluminescence of the phosphor analysed
afterwards by referring to a standard radiation dose reveals
the absorbed dose. For a controlled period of burial, the
dose-rate can be calculated.
For the beta case, the phosphor is placed near to the
ceramic in a fixed geometry. Beta-rays emitted from the
ceramic induce TL in the phosphor.
The choice of the phosphor bears several requirements.
ThA ria+ci rPrrnPrt i es of it include:
(i) High sensitivity, with a low limit of measurement:
1 mrad




(vi) Energy dependence of response (above 0.1 MeV) equal to
that of the mineral in dating (e.g. quartz)
8.1.3 CaSO4:Dy as a Phosphor Dosimeter
In this laboratory, CaSO4:Dy (supplied by Harshaw
Chemical Company) in grains form is chosen as the phosphor.
It meets basically all the requirements mentioned in 8.1.2
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and shows a characteristic glow-curve as shown in Fig.8.5
Annealing is accomplished by simply heating the grains in
sealed capillary tube at 400-500°C for 1hr. This can be
carried out in our controlled furnace mentioned in 7.2.2.
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8.2 Environmental (Gamma) Dosimetry
8.2.1 Introduction
From typical values of the proportion of radioactive
elements in the soil we can estimate a typical value for the
gamma dose-rate in the underground environment. This figure
is around 100 mrad/yr world-wide. However in actual
practice, we find that the gamma dose-rate may vary in a
broad range, making environmental dosimetry on a completely
unknown site necessary.
Chan (1987) had reported that the average gamma dose-
rate in Hong Kong is about 160 mrad/yr. Subtracting the
near-constant value of the gamma dose from cosmic radiations
(15 mrad/yr), the gamma dose level in Hong Kong is still 50%
higher than the world-wide average one. This can be
explained by the granite-rich geological situation here.
8.2.2 Fabrication and Usage of Dosimeters
In this work, a new type of dosimeter other than that
used by Chan( 1987) is being investigated for gamma dose
measurement. The construction of which is shown in Fig.8.1.
The 1mm-thick wall of the capsule made of copper is capable
of stopping all the alpha and beta-rays while allowing the
passage of 95% of gamma-radiation. The capsule length is
designed to be long as to reduce the unknown effect due to
the non-uniform geometry at the clamped end.
The capsule is buried at about 30cm below the ground












Fig. 8-1 Construction of the Copper Capsule for Gamma
Dosimetry
(a) Preparation of a CaSO4:Dy dosimeter: The capsule is
machined out from whole piece of copper for uniformity. The
wrapped annealed phosphor is inserted into the capsule, then
the open end is sealed first by a vaseline paste then by
clamping down with a strong vice. The capsule so treated
is 100% water-proof. (b) A prepared dosimeter: A hole is
drilled on the clamped end through which a red plastic
string of 50cm long is fastened for easy retrieval.
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red plastic string left projecting out of the ground helps
to identify the site of burial. After retrieval, the
capsule is cut open and the phosphor is analysed promptly.




Many arrangements have been developed to measure the
annual beta dose of ceramics. The basic principle of them
is to use a TL-phosphor to absorb the beta-rays emitted from
the ceramic powder (Fig.8.2a,b). External gamma dose is
shielded off by lead blocks and alpha-rays from the sample
are stopped by attenuation with a thin plastic film. In
almost all these configurations, say the one by Mejdahl
(1978), the amount of sample powder required is never less
than 4g. Of course, we cannot afford this amount since we
have only 10mg of specimen for dose-rate analysis.
However, an even older arrangement of beta dosimetry
by Mejdahl (1969) is very much stimulating (Fig.8.2c). He
used a piece of shard with the phosphor placed near to the
shard surface. This method drives us to attempt a
configuration we are going to discuss consequently.
8.3.2 On-Body Geometry
Although we are not allowed to extract enough sample
from a piece of antique for the dosimetry arrangements as in
Fig.8.2a,b, we may apply phosphor onto the ceramic piece to
absorb the beta-radiation. Lead shielding for this
arrangement seems impractical since a big lead shield may be
required to contain physically the whole piece of ceramic to
be dated. However, we may allow the phosphor to take up













Fig. 8.2 Simplified Illustrations of Beta Dosimetry
(a) 2 geometry with lead shielding, dose measured=
(b) 4 geometry with lead shielding, dose measured=
(c) 2 geometry without lead shielding (Mejdahl arrangement
1989), dose measured =
(d) "On-Body" geometry -- 2 geometry without shielding,
dose measured = and a control is placed 1 metre
away from the ceramic piece being dated, dose measured
= T.
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the period of dosimetry. This background dose, which can be
measured by a control phosphor placed appropiately
(Fig.8.2d), is subtracted afterwards.
8.3.3 Operation
As in the case of gamma dosimetry, about 10mg of
phosphor is first annealed as mentioned in 8.1.3, then
wrapped up in a piece of waxed paper. The wrapping
involves some techniques so as to make the phosphor grains
to lay in a single horizontal layer separated from the
outside by two layers of the wrapping paper (Fig. 8. 3). A
relatively smooth and flat region, with no glaze layer on
the body of the ceramic piece (bottom of utensils or base of
sculptures) is chosen as the site for the application of the
phosphor. Glazed surfaces should be avoided because glazes
vary widely in composition. Different recipes -of glaze
contain different proportions of potash (Fraser, 1973), and
hence different concentrations of potassium. The glaze
composition is usually independent of that of its ceramic
matrix.
A flat surface is chosen because we want to construct
the simple 2rc geometry and the flatness also allow a good
distribution of the phosphor grains. A piece of adhesive
tape is used to fasten the wrapped dosimeter onto the body
of the ceramic piece. The two layers of paper essentially
stop all the alpha-particles and attenuate the beta ones by














Fig. 8.3 Practice of the On-Body Dosimetry
After the operation, a label with the preparation date and
time written on it is stuck nearby on the ceramic surface
for indication.
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wrapped control phosphor identical to the previous one is
placed a metre away without any probable influence from
other radiation Sour,--S. The former dosimeter measures T O
while the latter takes up T during the period of dosimetry
which is at least one week long.
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8.4 Dose-Rate Evaluation in CaSO4:Dy Dosimetry
8.4.1 Calibration by a Reference Source
Having solely the glow curve of the analysis of the
applied phosphor is not sufficient, we still do not know
absolutely what the absorbed dose is. Only when we have a
suitable independently calibrated source we can save the
normalization of the TL output by the mass of phosphor used.
In fact it is far better to perform time to time source
calibration than time to time weighing. A Co-60 calibrated
gamma source (about 5.8 mrad/yr) is employed for the dose-
rate evaluation (fig. 8 .4).
Co-60 has a half-life of 5. 27yr. It emits chiefly
gamma-rays of average energy 1.2MeV. For the natural
radiations in the soil, there are beta and gamma-rays of
energy from several hundred keV to several MeV. Therefore
both the Co-60 radiation and the natural radiations of
interest are compatible to the absorption by CaSO4:Dy which
has energy response above 200keV equal to that of quartz.
8.4.2 Procedures of Evaluation
The phosphor grains are released (may be divided into
two portions for two trials of analysis) to a disc container
for TL analysis. The first glow gives the peak height
corresponding to the absorbed dose DT (=T+O) and it also
anneals the phosphor grains. The same portion is then
irradiated by the calibrated source to a certain dose







Fig. 8.4 Calibrated Co-60 Gamma Source
Phosphor to be artificially irradiated is placed on top of









Fig 8.5 CaSO4:Dy Phosphor TL Analysis
Glow curve marked DT corresporis to the dose absorbed during
the period of dosimetry (T), Curve DA(t) refers to the
artificial known laboratory cose by Co-60 irradiation for a
time t The absorbed dose is simply calculated by
with the 5% attenuation taken into account
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the peak corresponding to this known laboratory dose DA(t)
(Fig.8.5). The absorbed dose is then obtained by simple
proportion. The same procedure is done to the control
dosimeter to find out the background T. Finally the beta




The CaSO4:Dy (in copper container) dosimeters used
for environmental gamma dosimetry in Hong Kong gave
consistent results of 160+15mrad/yr, a figure very close to
that obtained by Chan (1987). The operation with the
copper capsule is a success-- the phosphor inside is well
isolated and protected throughout the period of dosimetry
and the preparation as well as the retrieval are convenient.
8.5.2 Beta Dosimetry
The 22 ceramic shards used in previous chapters are
tried on beta dosimetry. For a dosimetric period of 2 weeks
the average dose of (T+O) is about 7mrad, a dose matches
well with the sensitivity of the phosphor we used. This
dose corresponds to about 2min irradiation by our Co-60
source. The laboratory background dose is about 4mrad per
two weeks. The annual beta dose-rate for the 22 shards are
calculated and listed in Table 8.1. The error for each
sample refers to the discrepancy between the results of two
completely independent trials made on it at two different
time. The percentage error goes up to above 20% for some
of the samples. The average of them is about 13%.
8.5.3 Comparison of Results by TL-Dosimetry and by
Alpha-Counting-- Flame Photometry
By the combined methods of Alpha-counting and
potassium analysis we have had the total beta dose-rate
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By Flame Photometry
Sample & Alpha-Counting By Dosimetry
D k +D U+Th =DShard DA error(%)
1 99.0 56.8 155.6 159.5 30 19.0
2 250.4 57.7 308.1 210.0 20 9.5
3 110.0 35.5 145.5 118.0 19 16.1
4 61.8 50.0 111.8 132.5 22 16.6
5 110.8 65.5 176.3 156.0 10 6.4
6 115.1 79.7 194.8 184.0 30 16.3
7 277.5 33.3 310.8 212.0 32 15.1
8 186.1 24.4 210.5 170.5 26 15.2
9 110.8 37.7 148.5 160.0 9 5.6
10 75.3 64.4 139.7 115.5 21 18.2
11 43.1 103.2 146.3 158.0 25 15.8
60.112 78.8 138.9 163.0 33 20.2
13 225.9 42.4 268.3 192.5 16 8.3
14 115.9 63.0 178.9 168.0 35 20.8
15 188.7 51.1 239.8 202.0 29 14.4
112.5 45.0 157.516 180.5 12 6.6
17 97.3 47.7 145.0 129.0 7 5.4
133.7 24.4 158.1 121.018 3 2.5
74.4 185.2 178.5110.8 25 14.019
234.4 217.0 37 17.1121.020 113.4
324.4 352.0 50 14.2168.7155.721
290.0 33 11.4217.5117.799.822
All the dose-rates are in (mrad/yr).
Table 8.1 Results of "On-Body" Beta Dosimetry and Comparison
of which to the Results of the Combined Method of
Alpha-Counting and Flame Photometry.
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Do= Do,x+ Dro,U+Th. And now we are interested in comparing
this value with that just obtained by TL-dosimetry. Table
8.1 contains the figures to be compared. On certain cases,
the two values agree well as they should. Larger
discrepancies are found for the shards with larger beta
dose-rate.
For the shards with stronger dose from potassium
(2,7,8,13,15) the dosimetry method measures less beta dose
than that measured by alpha-counting-- flame photometry.
On the other hand, for those with greater values of Do,U+Th
(11,20,21,22) the dosimetry method results with more. The
beta-rays emitted from uranium thorium-rich samples seem
to induce more TL in the phosphor in such a configuration of
dosimetry. The phenomenon is pointed out without
explanation.
8.5.4 Discussion
It is a fact that the combined method of alpha-
counting and flame photometry is better and more reliable
than the on-body CaSO4:Dy dosimetry. The probable error
of i-hA fnrmPr method may be analysed as:
The (0.7) refers to the averaged weight of importance of
potassium-40 contribution which has an uncertainty factor
of 5% while the (15% x 0.3) refers to that of uranium
thorium contribution. The on-body dosimetry method
inherits greater sources of error. The 2n geometry may not
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be achievable in actual practice. The condition of the
solid surface is very probably different from that of the
core matrix even when glaze layer is absent. The phosphor
grains can hardly resemble the mineral grains in the matrix.
Moreover, the phosphor grains are not fixed for the reasons
of convenience, which allows the change of exposure
configuration of the grains from the case in dosimetry to
the case in the artificial irradiation.
Under usual conditions, we are tempted to employ the
combined method of alpha-counting and flame photometry.
They take only one to two days to obtain the result of beta
dose-rate. However, the dosimetry method still serves as a




In this project, in order to have a complete grasp of TL
dating on ceramics, informations about ceramic craftwork are
studied in depth, from the artistic to the scientific points
of view. Theory of TL dating is thoroughly learnt, including
the microscopic physical mechanism and the macroscopic
detection of thermoluminescence. Knowledge about natural
radiations is also acquired.
Sample preparation is an important initial step of this
work. A sample amount of 25mg can be skilfully extracted
from a ceramic piece. About one-third of it is allocated
for pre-dose analysis performed in two to three portions.
Less than a half of it (10mg) is used for beta dose-rate
evaluation. The rest is left as a spare portion.
A computerized TL system is used for TL analysis on
samples and on dosimetry phosphors. The system works well
in conjunction with an automatic sample irradiation unit.
Pre-dose method is tried on a number of samples. Some
of them require a large test-dose. The effect due to this
dose is considered by the introduction of a modified pre-
dose equation which shows the dependence of the paleodose on
the laboratory calibration dose and the test-dose. The
equation is first verified and then applied in corporation
with a systematic working scheme of the pre-dose technique.
The scheme is found to be convenient and competent.
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The allocated.amount of sample for dose-rate analysis is
not sufficient for TSAC. Instead, a "thin-source" approx-
imation of alpha-counting is developed using 10mg of sample.
The error of this part of work is within 15%. Some soft
pottery have high alpha count-rate. The sample resumed
after alpha-counting is analysed for potassium content by
flame photometry utilizing 6mg of this specimen. Fusion
apparatus including furnace, graphite containers, etc. are
fabricated. This chemical analysis is accurate and the
error is within 5%. Porcelain samples have high potassium
content. Considering the relative weights of importance of
the two beta sources concerned, an overall probable error in
this evaluation of the beta dose-rate is found to be 6%.
This figure is similar to that of the usual practices
(Aitken, 1985). Time taken for one such analysis is one day.
TL dosimetry is also studied. Environmental monitoring
performed in Hong Kong gave a gamma dose-rate of 160±15mrad/
yr. Beta dosimetry with "on-body" geometry is tried. The
error of which may go up to 20% and the time required is at
least one week. Beta dosimetry here is an alternative rather
than a preferrance over alpha-counting flame photometry.
In this course of TL dating, no known ages are available
for reference. Since the error of this evaluation of the
beta dose-rate is not greater than that obtained in usual
practices, it is justified to claim that the overall error
is not greater than the common one, i.e.15%. However, the
amount of sample required is greatly reduced.
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Appendix A: Derivation of Eq.5.2 -- A Modified Pre-dose
Equation (Chuang et al., 1988)
The pre-dose method is applied in determination of the absorbed
radiation dose of an ancient pottery (B
A
1)
) . To attain this end, a
test dose (B T ) is used to determine the thermoluminescence (TL) sensi-
tivity (S) and a laboratory calibration dose (B L ) is added for
changing the sensitivity of the 110°C glow peak in quartz. According
to the Unified Model
2)
, the number of holes in the hole reservoirs
it any stage of a complete cycla of measurements by means of the
pre-dose method (as shown in Chart 1 below) can be predicted.
Chart 1
Experimental Procedure
No. of holes No. of holes
(in acceptor) (in donor)
1. Add test-dose (B T ) and
measure 110°C peak response
(S
o
) by heating to 150°C;
2. Heat to the activating
temperature, 500°C;
3. Add test-dose ( B T
) and
measure 110°C response again
(S N
) by heating to 150°C;
4. Heat to 500°C;




6. Heat to 150°C to remove the elec-
trons acquired from the calibrating dose
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7. Add test-dose(BT) and
measure 110°C response (SN)
by heating to 150°C;
8. Heat to 500°C;
9. Add test-dose (BT) and
measure 110°C response
(SN+SB) by heating to 150°C,
In the Chart: N= number of holes, N' = number of holes transferred
from the donor to the acceptor reservoirs when activated to 500°C,
number of annihilated holes in the acceptor reservoir, = number
of mobile holes recombined with mobile electrons, and the super-
scripts: a= acceptor reservoir, d E donor reservoir, the subscripts
of T1, T2 and T3 denote the first, second, and third heatings to
150°C, respectively.
The TL sensitivites So, SN, SN and (SN+SB) are proportional
to the corresponding number of holes in the acceptor reservoir when
they were measured. Therefore,
(1)
Applying the conditions that
and the number of holes transferred to the acceptor
reservoir in the activation to 500°C is proportional to the pre-dose
level, and furthermore if the measurements are made in the linear
region of the sensitivity enhancement with innegligible amount of
test dose (BT) then the archaeological pre-dose (BA) can be determined
from eq. (1) as modified:
(2)
Primary experimental verification of eq. (2) has been made.
1. Fleming, S.J., Archaeometry 15, 1, 13 (1973).
2. Chuang, L.S., Int. J. Rad. Part D (in press) (1988).
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Appendix C: Derivation of the Relationship between Alpha,
Beta Dose-Rates and Alpha Count-Rate by Alpha-
Counting Apparatus on Ceramic Powders.
Uranium series [U]




factor, n 0.51 0.51
6x70naxRd (ug/mm2) 8x58
Treshold




8.1x10-3 CTh 8.6x10-3 cu(/1000s)




21.7 cu18.2 CThD« (mrad/yr)
2520 a2250 a




1.14 cu0.71 CThDo (mrad/yr)
= 132.6 a87.6 a
For equal activities, DB = 111 a
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Connections: XY-- Alumel-Chromel Thermocouple
NL-- 50 80% Cr 20% Ni Heating Wire
E-- Earth
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Appendix E: Construction of the Temperature Controller
Circuitry (a): Thermocouple Voltage Amplifier
(b): Preset and Breakers Controller
(c): Controller Power Supply
(d): Power Control and Breakers
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Appendix F: Derivation of the Relationship Between
"DB,K" and "C"
For 1 kg of sample, there is (10c) g of potassium
element. The well-established natural abundance of K-40 is
0.0117%. Therefore, number of K-40 atoms in 1 kg sample is
(10c x 1.17 x 10-4/ 40) No= 1.76 x 1019 c- NK40
Half-life of K-40 is 1.25 x 109 yr giving the decay
constant,= 5.55 x 10-10 yr-1. Hence- the activity is
1NK40. The beta-decay has a branching ratio of 0.895 and
the average energy of the emitted beta-particles is given by
Alburger (1951) to be 0.605 MeV= 9.68 x 10-14 J- EK4o.
For 1 kg of sample, the annual beta dose from K-40 is
1NK40 x 0.895 x EK40= 8.46 x 10-4 c J.
Therefore, Do,K= 8.46 x 10-4 c Gy/yr
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